C ritical limb ischemia (CLI) affects Ϸ2% of patients Ն50 years of age with documented peripheral arterial disease and carries a poor prognosis for life and limb. The 1-year mortality rate in patients with CLI is Ϸ25% and may be as high as 45% in those who have undergone amputation. 1, 2 Limb loss in CLI is a manifestation of advanced systemic atherosclerosis and is a consequence of marked impairment in tissue perfusion in the lower extremities. The current standard of care includes peripheral bypass grafting and percutaneous approaches to improve lower-extremity blood flow; however, a substantial number of patients are ineligible for these treatments or experience short-lived improvements. 1 Moreover, results to date from both recombinant protein and gene-based formulations of single growth factors, with several exceptions, have been disappointing. [3] [4] [5] [6] One potential explanation is that the use of a single angiogenic cytokine
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may be insufficient to generate adequate and durable neovascularization. A combination of Ն2 cytokines, acting by differing mechanisms, may act synergistically to achieve a more robust and durable biological response. 7, 8 Alternatively, the use of a relevant transcription factor may allow the initiation of a coordinated series of cellular events, all of which may conspire to recapitulate vessel growth and/or physiological events to normalize cellular hypoxia. 9 The transcription factor hypoxia-inducible factor-1␣ (HIF-1␣) used in the present study is one such factor that may normalize intracellular oxygen levels by increasing the synthesis of multiple proangiogenic cytokines (eg, vascular endothelial growth factors, angiopoi-etins, endothelial nitric oxide synthase) and genes that facilitate survival of ischemic tissue (eg, metabolic pathways that favor glucose over fatty acid metabolism). This phase I dose-escalation study represents the first report on the safety of a modified, constitutively active form of HIF-1␣ (Ad2/HIF-1␣/VP16) in patients with advanced atherosclerosis and tissue ischemia.
Methods
The study protocols and informed consents were approved by the Institutional Review boards and Institutional Biosafety committees of all participating institutions. The study design and study protocols, approved by the US Food and Drug Administration (FDA), were performed in accordance with FDA regulations CFR Title 21, 10 applicable International Conference on Harmonization guidelines, 11 and National Institutes of Health Guidelines for Research Involving Recombinant DNA Molecules. 12 The randomized study was initiated in October 1999 and completed in June 2004 (ie, after 12 months of follow-up data on the last patient enrolled).
Selection Criteria for Inclusion in the Trial
CLI patients between 21 and 85 years of age with no options for surgical or endovascular revascularization and total or subtotal occlusion of at least 1 main artery in a limb confirmed by angiography were recruited to the study from 5 centers in the United States. CLI was defined as Rutherford category (RC) 4 or 5 present for a minimum of 4 weeks without response to conventional therapies, with lack of further revascularization options confirmed by both the investigator and an independent reviewer at the institution. Patients willing and able to discontinue other nonhealing ulcer treatments at least 3 days before treatment and to give written informed consent participated. Exclusion criteria included contraindications to growth factor therapy that have been published previously (eg, history of cancer within 5 years, active diabetic retinopathy), [13] [14] [15] inflammatory arteritides, RC6 status, prior successful lower extremity arterial surgery, angioplasty, or lumbar sympathectomy during the 2 months before screening. Patients who had participated in other experimental protocols within 30 days of enrollment or who had ever been enrolled in a similar vascular endothelial growth factor or fibroblast growth factor adenoviral or plasmid gene therapy protocol were excluded.
Study Design
This phase I program consisted of 2 dose-escalation safety studies: a randomized, double-blind, placebo-controlled (RDBPC) design and an open-label extension (open-label) design. There was no intent to conduct hypothesis-driven comparisons of safety or efficacy between the treatment groups. Figure 1 describes the flow of patients through the studies by dosing cohort. The first study was placebo controlled to ensure objectivity of initial safety evaluations by investigators and an independent Data Safety Monitoring Board. On the basis of results of preclinical safety and bioactivity testing, 5 dosing cohorts were evaluated, increasing from 1ϫ10 8 to 1ϫ10 10 viral particles (vp) in [1/2] log increments. The Data Safety Monitoring Board reviewed safety data from each dosing cohort before treatment of the nexthigher-dosing cohort and monitored safety data throughout the study. A total of 28 patients were enrolled in the RDBPC study with a 3:1 ratio of HIF-1␣ to placebo randomization (ie, 21 patients received HIF-1␣ and 7 received placebo): the 1ϫ10 8 -, 3ϫ10 8 -, and 3ϫ10 9 -vp groups comprised 4 patients each (3 HIF-1␣ and 1 placebo), and 6 subjects receiving HIF-1␣ and 2 receiving placebo were prospectively allotted to the 1ϫ10 9 -and 1ϫ10 10 -vp groups (in which detectable bioactivity had been predicted on the basis of preclinical studies).
In the RDBPC study, patients were designated as having experienced treatment failure by the investigator on the basis of prospectively defined criteria encompassing a blinded assessment of the onset or worsening of symptoms that originally qualified them for the study such as worsening rest pain, delayed ulcer healing, and development of osteomyelitis. Patients adjudicated as treatment failures were unblinded, and if the patient had been receiving placebo and still met the original entry criteria, he/she was eligible to receive the highest dose of HIF-1␣ deemed safe by the Data Safety Monitoring Board as part of an open-label extension study. Of the 7 HIF-1␣-treated patients who met treatment failure criteria, 4 proceeded to major amputation, whereas 3 placebo patients met treatment failure criteria in the RDBPC trial and rolled over to receive active HIF-1␣. (Another 3 HIF-1␣-treated patients underwent amputation before being classified treatment failures.)
The open-label study was modified during its course on the basis of the safety data accrued to that point and new, supportive preclinical toxicity data. The modified open-label study was expanded to include treatment of 3 patients each with doses of 3ϫ10 10 , 1ϫ10 11 , and 2ϫ10 11 vp. (Patient 38, in screening at the end of the study, received 1ϫ10 10 vp.) A maximal dose of 2ϫ10 11 vp was chosen on the basis of additional preclinical toxicity data, in consultation with FDA and continuing Data Safety Monitoring Board review.
Study Assessments
Patients returned for posttreatment follow-up on days 3, 7, 14, 21, 30, 45, 60, and 90; at 6 months; and at 1 year. Safety variables included adverse event reports and changes from baseline in physical examinations, clinical laboratory evaluations, adenoviral antibody titer measurement, retinal eye examinations, and examinations of the index limb to assess rest pain, ulcer status, and RC. 16 Observations related to limb status included changes in ischemic rest pain, healing of ischemic ulcers, and ankle brachial index (ABI). Additionally, 3-dimensional gadolinium contrast-enhanced and/or 3-dimensional time-of-flight magnetic resonance angiography (MRA) were performed to detect changes in vascularization. Maximal intensity projections in similar orientations were used to compare pretreatment and posttreatment studies. An increase in the number of visible vessels or an increase in the intensity or apparent size of a previously visible vessel was considered an improvement. An independent reviewer blinded to patient treatment assignment scored the MRA data according to predefined specifications.
Ad2/HIF-1␣/VP16
Ad2/HIF-1␣/VP16 is a recombinant, replication-deficient adenovirus with an insert containing the DNA-binding and dimerization domains from the HIF-1␣ subunit, as well as a herpes virus VP16 transactivation domain to enable constitutive activation. [17] [18] [19] Ad2/ HIF-1␣/VP16 is propagated in human 293 cells, a permanent cell line of primary human embryonal kidney cells that were immortalized with sheared fragments of human type 5 adenovirus DNA. The bulk substance was purified with column chromatography, filtration (for vector concentration), and final sterile filtration. The resulting preformulated drug substance subsequently underwent final dilution in formulation buffer consisting of phosphate-buffered saline with 10% sucrose. Ad2/HIF-1␣/VP16 is manufactured by Genzyme Corp (Cambridge, Mass).
Procedures for Administering Ad2/HIF-1␣/VP16
In all but 1 dose cohort, the total dose of Ad2/HIF-1␣/VP16 or placebo (ie, phosphate-buffered saline with 10% sucrose) was administered as a single treatment of 10 direct intramuscular injections with a volume of 100 L for a total dose of 1.0 mL given into a single limb. In the 2ϫ10 11 -vp cohort of the open-label study, the total dose of Ad2/HIF-1␣/VP16 consisted of twenty 100-L direct intramuscular injections of 1ϫ10 11 vp to achieve a total dose of 2ϫ10 11 vp given into a single limb for a total volume of 2.0 mL. The placement of the injections was at the discretion of the investigator and based on patient anatomy and the location of the occluded artery or arteries within the affected limb.
Statistical Analysis
All patients receiving Ն1 HIF-1␣ or placebo injections were included in safety analyses and limb status observations. By-group summary statistics were displayed for actual data reported at assessed time points, including descriptive statistics (sample count, mean, median, SD, minimum, and maximum) for continuous variables and frequencies and percentages for categorical variables. No hypothesis testing between groups was planned or conducted in these phase I dose-escalation studies. All statistical analyses were conducted in a validated SAS system (SAS Institute Inc, Cary, NC). All authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written. Table 1 summarizes the baseline characteristics of the patients in the Ad2/HIF-1␣/VP16 phase I program, including demographics, diabetes status, time spent in the baseline RC class before the study, and the total number of arteries occluded at baseline. In addition, at baseline, 34% of individuals were on acetylsalicylic acid, 47% were on an angiotensin-converting enzyme inhibitor, 63% were on warfarin, 32% were on clopidogrel, and 58% were on statins. During the study, 47% of individuals were on acetylsalicylic acid, 58% were on an angiotensin-converting enzyme inhibitor, 68% were on warfarin, 45% were on clopidogrel, and 68% were on statins. Figures 2 and 3 present the baseline ulcer and rest pain status of individual patients in the study. Of the 34 patients treated with HIF-1␣ in both studies, 32 began the study with rest pain, 18 began with ulcers, and 16 began with both rest pain and ulcers. Of the 7 patients who received placebo treatment, 6 had rest pain, 3 had ulcers, and 2 had both rest pain and ulcers.
Results

Patient Baseline Information
Safety End Points
Adverse Event Profile
All but 1 HIF-1␣ patient experienced adverse events in either the RDBPC study or the open-label study. Table 2 summarizes the adverse events occurring in at least 10% of patients by World Health Organization Adverse Reactions Terminology preferred term. Most of these events were mild or moderate in severity and were not serious. None was judged to be related to treatment. A total of 21 unique patients experienced serious adverse events: 17 patients who received HIF-1␣ only, 3 placebo patients, and 1 patient who had adverse events both as a placebo and as a treated (rollover) patient. The serious adverse events that occurred were consistent with the patients' extensive disease and comorbidities.
Deaths and Amputations
Five patients died while during the course of the present study, 3 from the HIF-1␣ group and 2 from the placebo group. No death was judged to be related to active treatment ( Table 3 ). The median time to death was similar in the treatment and placebo groups. In the RDBPC study, 7 HIF-1␣ patients and 3 placebo patients met treatment failure criteria; another 3 HIF-1␣ patients underwent amputation before meeting treatment failure criteria. The distribution of time to *Data obtained from the 3 rollover patients during the placebo period and the subsequent treatment period are included in the placebo and treatment columns, respectively (ie, the 3 patients are counted in both columns).
†The total represents unique patients; ie, each rollover patient is counted only once. The value used for this calculation was the first report (if evaluable).
‡One patient, patient 20, was first diagnosed with diabetes during the study and is therefore counted among the diabetic patients. Patient 20 was in the placebo group. §The 4 arteries referred to as sites of potential occlusion are the anterior tibial, tibioperoneal trunk, posterior tibial, and peroneal arteries.
ʈPatient values were not included if calcified, noncompressible vessels or other factors precluded accurate measurements of ABI. treatment failure and/or amputation was similar in the HIF-1␣ and placebo groups. All 10 major amputations occurred in HIF-1␣ patients (29% of 34 treated patients): 7 patients in the RDBPC study and 3 in the open-label study, including 1 patient who had received placebo before receiving active HIF-1␣ (Table 3) . Although 0 of the 7 placebo patients from the RDBPC study experienced a major amputation, there were 2 deaths and 3 treatment failures, with only 2 patients remaining in the placebo group at 1 year. Despite the presence of RC4 and RC5 patients in roughly equal proportions at baseline, the RC5 patients constituted 90% of those who eventually required major amputations, 60% of those who died, and 71% of those who withdrew. In addition, although diabetics constituted only 37% of patients overall, they constituted 80% of the deaths in the trial.
Potential Risk of Ad2/HIF-1␣/VP16 -Mediated Angiogenesis
The adverse events described below are of special interest in the present study because of the theoretical risks of using a replication-deficient adenoviral vector and of the constitutively active HIF-1␣ transgene. Dependent edema of the lower extremities and injection site reactions were the 2 most common events of interest and were noted in similar proportions of treated and placebo patients: 44% to 43% of each group for dependent edema and 24% to 29% for injection site reaction, respectively. There was no evidence for promotion of tumor growth, although some patients had a history of malignancy diagnosed and treated Ͼ5 years previously. Vision disorders occurred in 29% of treated patients but no placebo patients; however, none of the cases involved pathological choroidal neovascularization or new/active proliferative retinopathy. A variety of minor retinal findings, including drusen and A-V nicking, were reported. Flu-like symptoms occurred in 26% of the treated patients and no placebo patients. Of these 9 patients, only 2 experienced symptom onset within 72 hours of receiving Ad2/HIF-1␣/VP16 (range, 2 to 180 days; median, 15 days). As expected, a rise in antiadenoviral antibodies was observed in patients who had received Ad2/HIF-1␣/VP16. Antibody titers peaked at day 60 and then declined (data not shown; no dose-dependent trends were identified given the considerable between-and within-patient variability). Because of the small group sizes for each dose, no dose effect could be noted across the study cohorts. Consequently, a maximum tolerated dose was not established. Further dose escalation is not supported by the sponsor's preclinical toxicity data, however, and therefore is not planned. Figure 4 shows an example of ulcer healing at 1 year in a patient originally randomized to the placebo group and subsequently adjudicated as a treatment failure who went on to receive active therapy at 1ϫ10 10 vp. None of the patients in the 2 highest-dosing groups (1ϫ10 11 and 2ϫ10 11 vp) experienced either death or amputation. Complete ulcer healing occurred in patients given doses ranging from 1ϫ10 9 to 2ϫ10 11 vp; ulcer healing occurred in all 3 RC5 patients given the 1ϫ10 11 -to 2ϫ10 11 -vp doses. ABI measurement was not available for all study patients because of arterial calcification, amputation, death, or early withdrawal. The median ABI for HIF-1␣ patients was 0.36 at baseline (nϭ24), 0.45 at 6 months (nϭ17), and 0.46 at 1 year (nϭ16). The median ABIs for placebo patients were 0.39 (nϭ5), 0.49 (nϭ3), and 0.48 (nϭ1), respectively. No correlation was seen between ABI and clinical outcomes, likely secondary because of the small number of patients.
Limb and Surrogate Outcomes
Complete and comparable baseline and 6-and 12-month MRAs were available in 18 (nϭ14 HIF-1␣, nϭ4 placebo) and 13 (nϭ11 HIF-1␣, nϭ2 placebo) patients, respectively. At 6 months, 7 HIF-1␣ patients showed improvement, whereas at 12 months, 2 HIF-1␣ patients showed improvement, with the remainder either worsening or showing no change. In the placebo group, 2 patients showed improvement at 6 and 12 months, respectively; the remainder worsened or AEs indicate adverse events; Pts, patients; and NOS, nitric oxide synthase. Events were coded using the World Health Organization Adverse Reactions Terminology system. Multiple adverse events reported for a patient were counted once within a preferred term/body system. When a subject rolled over from placebo to active treatment, the subject is counted separately as a placebo and as a treated subject.
*In this column, rollover patients are counted twice if they experienced adverse events during their involvement in both the placebo and treatment groups. showed no change compared with baseline. Improvement in MRA score did not correlate with improved clinical status, ABI, or the study injection sites.
Discussion
The present phase I dose-escalation evaluation is the first clinical study to use a constitutively active formulation of the transcription factor HIF-1␣, which regulates the expression of specific genes involved in the response to hypoxia and wound healing. 9, 20 Ad2/HIF-1␣/VP16 appeared to be safe when delivered into skeletal muscle in the leg at doses ranging from 1ϫ10 8 to 2ϫ10 11 in no-option CLI patients. An important point is that no safety problems emerged in this phase I program, including no evidence of malignancy or ocular neovascularization disorders related to the transgene, at least in the short term. Longer-term follow-up in a larger number of patients may be needed to firmly establish the safety of both vector and transgene. It is presumed that patients can receive only a single administration of adenoviral HIF-1␣/VP16 because of the generation of an adenoviral serotype-specific immune response. 21 Adenoviral vectors have now been used in multiple clinical trials in cardiovascular disease through intramuscular, intramyocardial, and intracoronary routes, with no indication of hepatic or other systemic toxicity at the doses used in this trial. 5, [22] [23] [24] No dose-limiting side effects emerged in the present study at the maximum dose tested (2ϫ10 11 vp). Further dose escalations were not attempted because this was the highest dose supported by preclinical data and approved by the FDA for testing in humans. Additionally, further increases in dosing are associated with technical limitations with manufacturing adenoviruses at these high titers.
Overall, the present study confirmed the high rate of progression of disease in advanced CLI (whether treated or placebo), with amputation and mortality rates of 26% and 3% at 6 months and 26% and 13% at 1 year, respectively. Rates of amputation and mortality in patients treated with Ad2/HIF-1␣/VP16 were 29% and 0% at 6 months and 29% and 9% at 1 year. There was a high rate of crossover to active drug among placebo patients in the present trial, with most continuing on placebo experiencing disease progression or death at 1 year, similar to rates from randomized trials and meta-analyses of studies conducted in similar patient populations. 1, [25] [26] [27] In previous studies, 6-month rates of amputation ranged from 20% to 44%, and mortality rates ranged from 20% to 54%. 1 Some of these differences are undoubtedly secondary to improvements in pharmacotherapy for atherosclerosis (eg, use of HMG CoA reductase inhibitors, angiotensin-converting enzyme inhibitors, and antiplatelet agents), the unique patient selection criteria in the trial, and improvements in interventional approaches. Improvement in limb status (ie, complete ulcer healing and/or resolution of rest pain) was observed in some of the 34 CLI patients treated with Ad2/HIF-1␣/VP16 in the 2 present studies. Complete resolution of rest pain occurred in 12 patients at 6 months (12 of 23 alive with index limb) and 14 patients at 1 year (14 of 21 alive with index limb). Complete ulcer healing occurred in 3 patients (3 of 9 alive with index limb) at 6 months and 5 patients (5 of 8 alive with index limb) at 1 year. Interpretation of the MRA results was confounded by the fact that a number of patients were unable to repeat the test either because they had experienced limb loss or for other reasons. Furthermore, we restricted evaluation to those patients who had comparable gadolinium contrast-enhanced MRA or timeof-flight MRAs, further reducing the total evaluable scans. The lack of correlation between clinical improvement and MRA-derived scores may therefore relate to some of these A, A nonhealing ulcer at baseline in study 1. B, After placebo. Treatment failure 4.9 months after receiving placebo in study 1. C, Rollover to active treatment. Evidence of ulcer healing 6 months after receiving 1ϫ10 10 vp Ad2/ HIF-1␣/VP16. D, Complete ulcer healing 1 year after treatment on study 2. This patient, whose medical history included diabetes and a coronary artery bypass graft/aortic valve replacement procedure, died 14 months after treatment. The primary cause of death was sepsis, with secondary causes listed as liver disease and coronary artery disease.
issues. Additional considerations include the use of higherresolution approaches (submillimeter), contrast-enhanced MRA below the level of the foot in an attempt to image collaterals, and standardization of "timing runs," gadolinium contrast dose, and delivery at study sites to ensure comparability of data.
Conclusions
These data provide encouraging initial evidence of a potentially important therapeutic approach in the treatment of vascular disease without evidence of serious toxicity. Additional, appropriately powered clinical trials are needed to evaluate the safety and efficacy of modified constitutively active forms of HIF-1␣ in peripheral arterial disease.
